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Considering that the effective theory of closed string tachyons can have worldsheet supersymme-
try, as shown by Vafa, we study a worldline supersymmetric action in a FRW background, whose
superpotential originates a tachyon scalar potential. There are such potentials with spontaneously
broken supersymmetry at the instability and supersymmetric after tachyon condensation. Further-
more, given a tachyonic potential, the superpotential can be computed by a power series ansatz and
has a free parameter which can be chosen such that complex solutions become real.
PACS numbers: 98.80.-k, 98.80.Qc, 04.50.Kd, 04.65.+e, 11.25.Yb, 11.27.+d
I. INTRODUCTION
Many phenomena in physics are related to the transition or decay from an unstable state, to other stable one. The
corresponding evolution is described frequently by a tachyonic potential, with a ‘negative’ mass term, like in the case
of the Higgs potential or in the Landau-Ginzburg theory. String theory has in its lowest mode tachyons. However
the inclusion of supersymmetry is consistent because they can be eliminated by the GSO truncation. Nevertheless, a
better knowledge of string theory requires the understanding of the unstable configurations, whose evolution can be
described by the condensation of the tachyonic modes. The complexity of string theory has made this study rather
difficult, and it was first performed in the somewhat simpler instance of open strings, resumed by the well known Sen
conjectures [1]. For closed strings the situation is more complicated, in particular because it involves the structure
of space-time. An interesting fact in this case, is that closed string tachyons, which are nonsupersymmetric in target
space, can have worldsheet supersymmetry [2]. In this sense we address the question of supersymmetric tachyons
in the simplified framework of a FRW background, with ‘worldline’ local supersymmetry, i.e. the time variable is
extended to the superspace of supersymmetry.
Supersymmetric quantum cosmology has been studied in various formulations. As usual for uniform spaces, it
has been obtained as the “minisuperspace” formulation [4] of four dimensional supergravity [3], see also [5]. The
Wheeler-deWitt equation is traced back to the ‘square root’ of the hamiltonian constraint, i.e. the supersymmetric
charge constraints. Additionally to these constraints, there are also the Lorentz transformations of the fermionic
degrees of freedom [3], which restrict strongly the solutions [7]. An alternative supersymmetrization of these models
has been given in [8], by a ‘worldline’ one-dimensional superfield approach, where the time variable is extended to a
(supersymmetry) superspace. This formulation has been worked out systematically for all Bianchi models [9], matter
has been included as well [8], see also [6]. We follow an approach of this type, by means of the covariant formulation
of one-dimensional supergravity, given by the so called ‘new’ Θ variables [11, 12], which allows in a systematic and
straightforward way to write supergravity invariant actions. The fermionic sector of the superfield approach has less
components than the one of the reduction of four dimensional supergravity, as it is one dimensional, which is some sense
compensates the absence of Lorentz constraints. In fact, in both approaches the wave function of the universe seems to
have only two independent components [7, 10]. However, the complexity of four, or higher dimensional supergravity,
has made interesting the study of the worldline superfield approach, which keeps the essence of supersymmetry in a
relative simple way.
The action we are considering contains two real scalars, one of them the dilaton, and the other one has a tachyonic
potential V (T ) [14], coupled to FRW supergravity. We formulate one-dimensional N = 2 supespace supergravity
following [12] and the superfield form of the action is taken from [8]. The final action is obtained after a rescaling and
eliminating the auxiliary fields. For completeness we give also the hamiltonian formulation which closes consistently
without further complications. As usual in supergravity, the superpotential is related to the scalar potential by a
differential equation which is not positive definite. In order to solve this equation, we consider the case k = 0 and
make an ansatz of separation of variables. We look for superpotentials corresponding to tachyonic potentials V (T )
and in particular such that both supersymmetries are spontaneously broken at the maximum, and after condensation
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2they are restored. We look also for a general solution of this differential equation by a power series ansatz. With this
ansatz, depending on the potential, the superpotential can be complex, with complex values for quantities like the mass.
However there is a parameter which can be chosen in such a way that the solutions are real. In the second section of this
work we give our start point bosonic action, in the third section we give the one-dimensional superspace supergravity
formulation, in the fifth section we give the tachyon action, in the sixth section the hamiltonian is formulated and in
the next section we study the solutions for the superpotential, in the last section we sketch conclusions. There are
two appendices, the first one on the ‘new’ Θ-variables formulation and in the second one there are details of the power
series solutions.
II. CLOSED STRING TACHYON EFFECTIVE ACTION
The closed string tachyon effective action in the bosonic sector is given according to [14] as
S =
1
2κ2D
∫ √−ge−2φ [R+ 4 (∂φ)2 − (∂T )2 − 2V (T )] dDx, (1)
where T is the closed string tachyon field, V (T ) is the tachyon potential and φ is the dilaton field. This action can be
written in the Einstein frame by means of gstringµν = e
φgEinsteinµν , which is more suitable for our cosmological approach.
For a four dimensional FRW metric and in the Einstein frame, the Lagrangian takes the form
S =
∫ [
−3a˙
2a
κ2N
+
3Nka
κ2
+
a3
κ2N
φ˙2 +
a3
2κ2N
T˙ 2 − a
3Ne2φV (T )
κ2
]
dt, (2)
where N is the lapse function and a is the scale factor. This Lagrangian is invariant (up to a total derivative)
under time reparametrizations of the form t → f(t). This invariance under time reparametrization is extended
to supersymmetry supersymmetry by the introduction of a Grassmann superspace associated to the bosonic time
coordinate t (see Tkach et al. in [8]).
As usual, the Hamiltonian of the bosonic theory, has the form H = NH0 where N is the lapse function. Then, the
associated equation of motion ∂H/∂N = 0 implies the first class constraint
H0 = − κ
2
12a
pi2a −
3ka
κ2
+
κ2
4a3
pi2φ +
κ2
2a3
pi2T +
a3e2φV (T )
κ2
= 0, (3)
where pii are the canonical momenta of the coordinates i = a, T, φ.
III. SUPERSPACE SUPERGRAVITY
Superspace is the natural framework for a geometrical formulation of supersymmetry and supergravity [15]. It
extends spacetime by anticommuting Grassmann variables, xm → (xm, θµ). The field content of the superfields is
given by the Grassmann power expansion in the anticommuting variables φ(z) =
∑
n 1/n! θ
µ1 · · · θµnφµ1···µn(x). Su-
pergravity is invariant under local supersymmetry transformations ξm → ξm(x), ξµ → ξµ(x), where ξm are spacetime
translation and ξµ supersymmetry transformation parameters. It can be generalized to superspace diffeomorphisms
[11], zM ≡ (xm, θµ) → z′M = zM + ξM (z). This generalization actually amounts to introduce additional ‘super-
space’ gauge degrees of freedom corresponding to the θ-components of the Grassmann expansion of ξM (x, θ). In
order to formulate such a theory, the vierbein and spin connection are generalized to superspace tensors, the vielbein
EM
A(z), and the superconnection φMA
B , where A = (a, α) are local Lorentz indices and M = (m,µ) are superspace
world indices [11]. If VA is a Lorentz supervector, its covariant derivatives are DAVB = EAM (∂MVA − φMBCVC),
and satisfy the graded (anti)commutators [DA,DB ]±VC = −TABDDDVC −RABCDVD, where EAM (z) is the inverse
vielbein and the torsion and curvature tensors satisfy the graded Bianchi identitites. For the construction of the
lagrangian, in [8] a somewhat adhoc superspace formulation has been proposed. Here we will use the ‘new’ superspace
formulation, see Apendix A, which follows from general superspace covariance, by a consistent elimination of the
superspace gauge degrees of freedom [11–13], without requiring a gauge fixing. This parametrization corresponds
to a field redefinition of the superfield components φµ1···µn(x) → D[α1 · · · Dαn]φ(z)
∣∣
θ=0
and the superfields are given
by Φ(x,Θ) = eΘ
αDαφ(z)
∣∣
θ=0
, where Θ are anticommuting Lorentz spinor variables. Full manifest covariance can be
mantained by keeping Φ(z,Θ) = eΘ
αDαφ(z) and setting θ = 0 at the end of the computations. In this formulation, the
supergravity multiplet contains the vierbein, the spin conection, and certain components of the curvature and torsion
3tensors, constrained by the Bianchi identities. In Appendix A this formulation is reviewed, following [12]. Superfields
transform by field dependent transformations (A10) and covariant derivatives can be defined consistently (A14) in
such a way that there is a vielbein whose superdeterminant is an invariant density (A19) and allows to construct
invariant supergravity actions. We use these results for a superspace formulation of one-dimensional supergravity.
To set conventions, we first observe that simple one-dimensional supersymmetry has the grassmanian variables θ and
θ¯ = θ†. The integration properties for these variables are
∫
dθ = 0,
∫
θdθ = 1. Generic superfields are real and are
given by φ(t, θ, θ¯) = A(t) + θψ(t)− θ¯ψ¯(t) + θθ¯B(t), where A(t) and B(t) are real and ψ† = ψ¯. The representation of
supersymmetric charges is Q = ddθ − iθ¯ ddt and Q¯ = − ddθ¯ + iθ ddt , which satisfy {Q, Q¯} = 2i ddt , the covariant derivatives
are D = ddθ + iθ¯
d
dt and D¯ = − ddθ¯ − iθ ddt . There are also chiral superfields which are complex and satisfy D¯φ = 0, and
which in the chiral base have the expansion φ(t, θ) = A(t) + θψ(t).
Supergravity in one dimension, as well as gravity, is trivial and there is no curvature tensor, and in a minimal version,
the torsion tensor is the same as in flat superspace, i.e. its only non-vanishing component is Tθθ¯
t = 2i, consistently
with the Bianchi identities, as can be easily verified by dimensional reduction from minimal supergravity in four
dimensions [11], or by direct computation in one dimension. For the one-dimensional ‘new’ superspace formulation,
unlike the appendix A, we will denote zM = (t,Θ, Θ¯) and for simplicity we will omit the tildes. Thus superfields
Φ(z) = A(t) + Θχ(t)− Θ¯χ¯(t) + ΘΘ¯B(t) transform as
δξΦ(z) = ηξ
M (z)∂MΦ(z) ≡ ξM (x)
[
η tM (z)
∂Φ(z)
∂t
+ η θM (z)
∂Φ(z)
∂Θ
+ η θ¯M (z)
∂Φ(z)
∂Θ¯
]
, (4)
Thus, from (A12) it turns out that
ηξ
t = −ξ − ie−1 (Θζ¯ + Θ¯ζ)+ 1
2
e−2ΘΘ¯
(
ζ¯ψ − ζψ¯) , (5)
ηξ
θ = −ζ + i
2
e−1
(
Θζ¯ + Θ¯ζ
)
ψ − 1
4
e−2ΘΘ¯ζψψ¯, (6)
where the supersymmetry parameters are ξM (x) = (ξt, ξθ, ξθ¯) ≡ (ξ, ζ, ζ¯) and ηξθ¯ = (ηξθ)†. The resulting component
transformations are
δξA = −ξA˙− ζχ+ ζ¯χ¯, (7)
δξχ = −ξχ˙− ie−1ζ¯A˙+ i
2
e−1ζ¯(ψχ− ψ¯χ¯) + ζ¯B, (8)
δξχ¯ = −ξ ˙¯χ+ ie−1ζA˙− i
2
e−1ζ(ψχ− ψ¯χ¯) + ζB, (9)
δξB = −ξB˙ − ie−1(ζχ˙+ ζ¯ ˙¯χ) + 1
2
e−2ζψ¯(A˙+ iB)− 1
2
e−2ζ¯ψ(A˙− iB)− 1
12
e−2(ζχ− ζ¯χ¯)ψψ¯, (10)
as well as the one of χ¯, obtained from (8) by complex conjugation. Further, the vielbein corresponding to transfor-
mations (4), which transforms as δξ∇MA = ∂MηNξ ∇NA + ηNξ ∂N∇MA, can be obtained from (A17)
∇MA =
 e+ i(ΘΨ¯ + Θ¯ψ) 12ψ 12 ψ¯−iΘ¯ 0 −1
iΘ 1 0
 , (11)
and from its transformation law we get
δξe = − d
dt
(ξe) + i(ζψ¯ + ζ¯ψ), (12)
δξψ = −2 d
dt
(
ζ +
1
2
ξψ
)
, (13)
which can be verified to be consistent with the usual vielbein transformations [11]. The invariant density is obtained
as usual from the superdeterminant E = Sdet(∇MA), and transforms as δξE = (−1)m∂M (ξME)
E = −e− i
2
(ΘΨ¯ + Θ¯ψ), (14)
4The inverse vielbein can be computed from (11), and from it we get the covariant derivatives which will be needed
for the lagrangian of the next section
∇θΦ = χ+ ie−1Θ¯
[
A˙− 1
2
(ψχ− ψ¯χ¯)− ieB
]
+ e−1ΘΘ¯
(
−iχ˙− 1
2
e−1ψ¯A˙− 1
4
e−1ψψ¯χ+
i
2
ψ¯B
)
, (15)
∇θ¯Φ = χ¯− ie−1Θ
[
A˙− 1
2
(ψχ− ψ¯χ¯) + ieB
]
+ e−1ΘΘ¯
(
i ˙¯χ− 1
2
e−1ψA˙− 1
4
e−1ψψ¯χ¯− i
2
ψB
)
. (16)
IV. SUSY CLOSED TACHYON MODEL
The supersymmetric cosmological model is obtained upon an extension of the time coordinate into a supermultiplet
t → (t,Θ, Θ¯). Due to this time supersymmetric generalization, also the fields of the theory are generalized as
superfields, the expansion is given by
A (t,Θ, Θ¯) = a (t) + iΘλ¯ (t) + iΘ¯λ (t) +B (t) ΘΘ¯,
T (t,Θ, Θ¯) = T (t) + iΘη¯ (t) + iΘ¯η(t) +G (t) ΘΘ¯,
Φ
(
t,Θ, Θ¯
)
= φ (t) + iΘχ¯ (t) + iΘ¯χ (t) + F (t) ΘΘ¯,
(17)
where, A, T and Φ are the superfields of a, T and φ.
The supersymmetric generalization of the action is given by
S = SRsusy + SMsusy, (18)
where, SRsusy is the cosmological supersymmetric generalization of the free FRW model
SRsusy =
∫ (
3E
κ2
A∇θ¯A∇θA−
3
√
k
κ2
EA2
)
dΘdΘ¯dt, (19)
and the supersymmetric matter term is
SMsusy =
1
κ2
∫ [
−EA3∇Θ¯Φ∇ΘΦ−
1
2
EA3∇Θ¯T ∇ΘT (20)
+EA3W (Φ, T )] dΘdΘ¯dt,
where W (Φ, T ) is the superpotential. The superpotential expansion can be written as W (Φ, T ) = W (φ, T )+ ∂W∂φ (Φ−
φ) + ∂W∂T (T −T ) + 12 ∂
2W
∂T 2 (T −T )2 + 12 ∂
2W
∂φ2 (Φ−φ)2 + ∂
2W
∂T∂φ (T −T )(Φ−φ). This expansion is finite because the terms
(T − T ) and (Φ − φ) are purely grassmannian. Upon integration over the Grassmann parameters, we find the
supersymmetric cosmological Lagrangian in the gravity sector
LFRWsusy = −3aa˙
2
eκ2
+
3ia
κ2
(
λ ˙¯λ− λ˙λ¯
)
+
6e
√
kλλ¯
κ2
+
3aa˙
eκ2
(
ψλ− ψ¯λ¯)+ 3ia√k
κ2
(
ψλ+ ψ¯λ¯
)
− 3aB
2e
κ2
+
6aBe
√
k
κ2
− 3Beλλ¯
κ2
− 3a
2eκ2
λλ¯ψψ¯,
the dilaton sector of the matter Lagrangian is given by
Lφsusy =
a3φ˙2
eκ2
+
a3φ˙
eκ2
(
ψ¯χ¯− ψχ)+ ia3
κ2
(χ˙χ¯− χ ˙¯χ) + 3ia
2φ˙
κ2
(
λχ¯+ λ¯χ
)
+
a3eF 2
κ2
+
3a2eF
κ2
(
λχ¯− λ¯χ)− 3a2Beχχ¯
κ2
+
a3χχ¯ψψ¯
2eκ2
− 6aeλλ¯χχ¯
κ2
,
while for the tachyonic sector we find
LTsusy =
a3T˙ 2
2eκ2
+
a3T˙
2eκ2
(
ψ¯η¯ − ψη)+ ia3
2κ2
(η˙η¯ − η ˙¯η) + 3ia
2T˙
2κ2
(
λη¯ + λ¯η
)
+
a3eG2
2κ2
+
3a2eG
2κ2
(
λη¯ − λ¯η)− 3a2Beηη¯
2κ2
+
a3ηη¯ψψ¯
4eκ2
− 3aeλλ¯ηη¯
κ2
,
5and the superpotential term
LW = −6aeWλλ¯
κ2
− 3ia
2W
2κ2
(
ψ¯λ¯+ ψλ
)− 3a2BeW
κ2
+
3a2eWT
κ2
(
λ¯η − λη¯)
− ia
3WT
2κ2
(
ψ¯η¯ + ψη
)− a3eGWT
κ2
+
3a2eWφ
κ2
(
λ¯χ− λχ¯)− ia3Wφ
2κ2
(
ψ¯χ¯+ ψχ
)
− a
3eFWφ
κ2
− a
3eχχ¯Wφφ
κ2
+
a3eWTφ
κ2
(χ¯η − χη¯)− a
3eηη¯WTT
κ2
.
Thus the total Lagrangian is
L = −3aa˙
2
eκ2
+
3aa˙
eκ2
(
ψλ− ψ¯λ¯)+ a3T˙ 2
2eκ2
− a
3T˙
2eκ2
(
ψη − ψ¯η¯)+ 3ia2T˙
2κ2
(
λη¯ + λ¯η
)
+
a3φ˙2
eκ2
− a
3φ˙
eκ2
(
ψχ− ψ¯χ¯)+ 3ia2φ˙
κ2
(
λχ¯+ λ¯χ
)
+
3ia
κ2
(
λ ˙¯λ+ λ¯λ˙
)
− ia
3
2κ2
(η ˙¯η + η¯η˙)− ia
3
κ2
(χ ˙¯χ+ χ¯χ˙)
+
6e
√
kλλ¯
κ2
+
3ia
√
k
κ2
(
ψλ+ ψ¯λ¯
)− 6aeWλλ¯
κ2
− 3ia
2W
2κ2
(
ψλ+ ψ¯λ¯
)− ia3WT
2κ2
(
ψη + ψ¯η¯
)
+
3a2eWT
κ2
(
λ¯η − λη¯)− ia3Wφ
2κ2
(
ψχ+ ψ¯χ¯
)
+
3a2eWφ
κ2
(
λ¯χ− λχ¯)− a3eWTT
κ2
ηη¯
+
a3eWTφ
κ2
(χ¯η − χη¯)− a
3eWφφ
κ2
χχ¯− 3aψψ¯λλ¯
2eκ2
+
a3ψψ¯ηη¯
4eκ2
+
a3χχ¯ψψ¯
2eκ2
− 3aeλλ¯ηη¯
κ2
− 6aeλλ¯χχ¯
κ2
− 3aB
2e
κ2
+
6aBe
√
k
κ2
− 3Beλλ¯
κ2
− 3a
2Beηη¯
2κ2
− 3a
2Beχχ¯
κ2
− 3a
2BeW
κ2
+
a3eG2
2κ2
+
3a2eG
2κ2
(
λη¯ − λ¯η)− a3eGWT
κ2
+
a3eF 2
κ2
+
3a2eF
κ2
(
λχ¯− λ¯χ)− a3eFWφ
κ2
,
where the subscripts in W denote partial differentiation with respect to φ and T respectively. When we perform the
variation of the lagrangian with respect to the fields B, F and G, as usual the following algebraic constraints are
obtained,
B =
√
k − aW
2
− 1
2a
λλ¯− 1
4
aηη¯ − 1
2
aχχ¯,
G = WT − 3
2a
(
λη¯ − λ¯η) , (21)
F =
Wφ
2
− 3
2a
(
λχ¯− λ¯χ) ,
that is B, F and G play the role of auxiliary fields, and they can be solved and eliminated from the lagrangian.
When we solve for the auxiliary fields and make the further rescalings λ → κa−1/2λ, λ¯ → κa−1/2λ¯, η → κa−3/2η,
η¯ → κa−3/2η¯, χ→ κa−3/2χ, χ¯→ κa−3/2χ¯, we find the Lagrangian
L = −3aa˙
2
eκ2
+
3
√
aa˙
eκ
(
ψλ− ψ¯λ¯)+ 3eka
κ2
+
T˙ 2a3
2eκ2
−
√
a3T˙
2eκ
(
ψη − ψ¯η¯)+ 3iT˙
2
(
λη¯ + λ¯η
)
+
φ˙2a3
eκ2
−
√
a3φ˙
eκ
(
ψχ− ψ¯χ¯)+ 3iφ˙ (λχ¯+ λ¯χ)+ 3i(λ ˙¯λ+ λ¯λ˙)− i
2
(η ˙¯η + η¯η˙)
− i (χ ˙¯χ+ χ¯χ˙) + 3e
√
kλλ¯
a
− 3e
√
kηη¯
2a
− 3e
√
kχχ¯
a
+
3i
√
ak
κ
(
ψλ+ ψ¯λ¯
)
+
3eW 2a3
4κ2
− 3e
√
ka2W
κ2
− eW
2
Ta
3
2κ2
− eW
2
φa
3
4κ2
− 9
2
eWλλ¯+
3
4
eWηη¯ +
3
2
eWχχ¯
− 3ia
3/2W
2κ
(
ψλ+ ψ¯λ¯
)− i√a3WT
2κ
(
ψη + ψ¯η¯
)
+
3eWT
2
(
λ¯η − λη¯)− i√a3Wφ
2κ
(
ψχ+ ψ¯χ¯
)
+
3eWφ
2
(
λ¯χ− λχ¯)− eWTT ηη¯ + eWTφ (χ¯η − χη¯)− eWφφχχ¯+ 3eκ2
4a3
ηη¯χχ¯− 3
2e
ψψ¯λλ¯
+
1
2e
ψψ¯χχ¯+
1
4e
ψψ¯ηη¯.
6Substituting the equations of motion of the auxiliary fields (21) into the supersymetry transformation of the fermions
λ, η and χ from (8), we get δζλ = ζ¯
(√
k − aW/2
)
+ · · · , δη = ζ¯WT + · · · and δχ = ζ¯Wφ + · · · . Therefore, if any
the fields on the r.h.s. of these equations has nonvanishing v.e.v., the corresponding fermion is a goldstino and
supersymmetry is broken. In the case of λ, the breaking can be due to the cosmological constant or to a nonvanishing
W . In fact, if the superpotential has the form W ∼ eφf(T ), as in the examples in the next section, then Wφ = W ,
i.e. χ contributes to the goldstino if W 6= 0.
V. HAMILTONIAN ANALYSIS
The canonical momenta are
pia = −6aa˙
eκ2
− 3
√
aψ¯λ¯
eκ
+
3
√
aψλ
eκ
,
piT =
a3T˙
eκ2
+
√
a3ψ¯η¯
2eκ
−
√
a3ψη
2eκ
+
3a3/2iλη¯
2
√
a3
+
3a3/2iλ¯η
2
√
a3
,
piφ =
2a3φ˙
eκ2
+
√
a3ψ¯χ¯
eκ
−
√
a3ψχ
eκ
+
3a3/2iλχ¯√
a3
+
3a3/2iλ¯χ√
a3
,
piλ = −3iλ¯, piλ¯ = −3iλ,
piη =
i
2
η¯, piη¯ =
i
2
η,
piχ = iχ¯, piχ¯ = iχ.
As usual, we can see the appearence of the fermionic constraints
Ωλ = piλ + 3iλ¯, Ωλ¯ = piλ¯ + 3iλ,
Ωη = piη − i
2
η¯, Ωη¯ = piη¯ − i
2
η, (22)
Ωχ = piχ − iχ¯, Ωχ¯ = piχ¯ − iχ.
According to the Dirac formalism, the previous constraints are second class and the dynamics of the system is
obtained when we impose the set of constraints (22) and introduce the Dirac brackets, and we obtain
{a, pia}D = 1, {φ, piφ}D = 1, {T, piT }D = 1,{
λ, λ¯
}
D
= − 1
6i
, {χ, χ¯}D = −
i
2
, {η, η¯}D = −i. (23)
Using the standard definition for the Hamiltonian and imposing the constraints (22), we can write the Hamiltonian
of the theory as
H = NH0 +
1
2
ψS − 1
2
ψ¯S¯, (24)
where
H0 = −κ
2pi2a
12a +
κ2pi2T
2a3 − 3iκ
2piT
2a3
(
λη¯ + λ¯η
)
+
κ2pi2φ
4a3 − 3iκ
2piφ
2a3
(
λχ¯+ λ¯χ
)− 3a34κ2W 2
+ 3
√
ka2
κ2 W − 3kaκ2 + a
3
2κ2W
2
T +
a3
4κ2W
2
φ +
9
2Wλλ¯− 34Wηη¯ − 32Wχχ¯
+ 32WT
(
λη¯ − λ¯η)+ 32Wφ (λχ¯− λ¯χ)+WTT ηη¯ +WTφ (χη¯ − χ¯η)
+Wφφχχ¯− 3
√
k
a λλ¯+
3
√
k
2a ηη¯ +
3
√
k
a χχ¯− 9κ
2
2a3 λλ¯χχ¯− 9κ
2
4a3 λλ¯ηη¯ − 3κ
2
4a3 ηη¯χχ¯,
(25)
S = κpia√
a
λ+ κpiT√
a3
η +
κpiφ√
a3
χ− 6i
√
ak
κ λ+
3i
√
a3
κ Wλ
+ i
√
a3
κ WT η +
i
√
a3
κ Wφχ+
3iκ
2a3/2
ληη¯ + 3iκ
a3/2
λχχ¯,
(26)
S¯ = κpia√
a
λ¯+ κpiT√
a3
η¯ +
κpiφ√
a3
χ¯+ 6i
√
ak
κ λ¯− 3i
√
a3
κ Wλ¯
− i
√
a3
κ WT η¯ − i
√
a3
κ Wφχ¯− 3iκ2a3/2 λ¯ηη¯ − 3iκa3/2 λ¯χχ¯,
(27)
satisfy the Dirac algebra {S, S¯}D = 2H0, {H0, S}D = {H0, S¯}D = 0.
7VI. SUPERPOTENTIAL SOLUTIONS
From the H0, (25), we identify the scalar potential
U(a, φ, T ) = −3k
a2
+ e2φV (T ), (28)
which is related to the superpotential W (φ, T ) by
U = −3W
2
4
+
3
√
k
a
W − 3k
a2
+
1
4
(
∂W
∂φ
)2
+
1
2
(
∂W
∂T
)2
. (29)
The form of the scalar potential (28) of a FRW geometry is consistent with k = 0, hence we restrict ourselves to this
geometry, and we get the equation
e2φV (T ) = −3W
2
4
+
1
4
(
∂W
∂φ
)2
+
1
2
(
∂W
∂T
)2
. (30)
This suggest us a separation of variables of the form W (φ, T ) = 1√
2
eφf(T ). With this ansatz we obtain the following
relation between the tachyon potential and the tachyonic component of the superpotential
(f ′)2 − f2 = V (T ), (31)
where the prime denotes differentiation with respect to T . In order to find solutions to this equation we must fix the
function V (T ). For example if V (T ) = 0, the solution is f(T ) = eT . Further, for
V (T ) =
m2
2
(
−T 2 + 1
4
T 4
)
, (32)
which according to the analysis of Zwiebach et.al., produces a big crunch scenario as the final state of the universe
[14], there is an imaginary solution f(T ) = imT 2/(2
√
2), whose superpotential is
W (T ) =
i
4
meφT 2, (33)
which generates complex fermion masses. However, as we show in Appendix B, there is also a real solution given by
an infinite power series, which can be written as (B5),
W (T ) =
1√
2
eφ
{
eT − 1
12
m2T 3
[
1− 1
2
T +
1
20
(
1 +
3
2
m2
)
T 2 +O(T 3)
]}
. (34)
Other proposal are potentials of the form V (T ) = exp(νT ) [14], they are known to prevent the tachyon from
reaching infinity in certain cases, with ν ≥ 2 there is no initial (positive) tachyon velocity for which the tachyon can
reach T =∞. For this potential we find f(T ) = ±2(ν2 − 4)−1/2 exp(νT/2), and the superpotential is in this case
W (φ, T ) = ± 2√
ν2 − 4 exp
(
φ+
ν
2
T
)
, ν 6= 2. (35)
Another interesting proposal is for instance
W (φ, T ) = eφf(T ) =
ieφ[(T − τ)(τ + T ) + 2]
2τ2
, (36)
as in the case of eq. (33) this superpotential generates complex fermion masses, however it can be made to be real in
complete analogy with (34). The tachyon potential corresponding to (36) is
V (T ) =
1
4τ4
[(
τ2 − 2)2 + T 4 − 2τ2T 2] , (37)
this potential, shown in Fig. 1, has a maximum at T = 0, with V (0) = 1/4 − 1/τ2 + 1/τ4, and minima at T = ±τ ,
with V (τ) = V (−τ) = −1/τ2 + 1/τ4, it also holds that V (0) − V (±τ) = 1/4, thus if we let τ → ∞ the potential
difference will remain the same, as in the case of Sen’s conjectures.
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FIG. 1: Tachyon potential V(T) from eq. (37) for τ = 1/2.
If we compute the superpotential corresponding to (37) following Appendix B, it can be shown that WT (φ, 0) =
eφ
√
4(1− τ2) + τ4(A2 − 1)/τ2, where A = f(0). Further, at the minimum, i.e. at T = τ , we make the power
expansion around this point and we get WT (φ, τ) = e
φ
√
4(1− τ2) + τ4(B2 − 2)/τ2, where B = f(τ). If we take the
limit τ → ∞, in order to make the computation we set u = 1/T and ϑ = 1/τ and evaluate the result first at u = 0
and then we set ϑ = 0, we get WT (φ, u)|u=0,ϑ=0 = eφ
√
C2 − 1, where C = f(u)u=0,ϑ=0. Thus if we set C = 1, the
minimum in this limit is supersymmetric. In the limit τ →∞ we have also WT (φ, T )|T=0 = eφ
√
A2 − 1
hence it does not vanish and supersymmetry is broken. Further, for T = τ we can make the power series ansatz in
the neighborhood of this value, and we get WT (φ, τ) = b, where b is another constant and it can be easily seen that
if b = 0, the whole power series tends to zero when τ → ∞, i.e. in this limit WT (φ, T ) = 0 and supersymmetry is
conserved.
An interesting question regards potentials with suitable supersymmetric properties, of the type of Sen conjectures.
For instance the potential
V (T ) = exp(−nT ) [α0 + α1T + α2T 2 + α3T 3 + α4T 4] , (38)
in this case we have f(T ) = (a+ bT + cT 2) exp (−nT/2) from which we obtain
W (T, φ) = (a+ bT + cT 2) exp (φ− nT/2) , (39)
the explicit coefficients αi depend on the free parameters a, n and V0, in fact we demand the presence of a maximum
for T = 0, this provides us with two equations which can be solved for b and c in (39) and with the condition V (0) < 0,
details of the calculations are given in Appendix (C), see Fig. 2.
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FIG. 2: Tachyon potential V(T) produced by f(T ) in (C1) for a = 10, n = 3 and V0 = 5.
At the maximum of this potential WT (0, φ) 6= 0 and Wφ(0, φ) 6= 0, hence supersymmetry is broken. Further, after
condensation supersymmetry is restored because WT → 0 and Wφ → 0, when T →∞.
9VII. CONCLUSIONS
We have studied a worldline supersymmetric theory in a FRW background, with a closed string tachyon. We
have constructed the action in the formalism of the ‘new’-Θ variables in one dimension, which allows systematically
to construct supergravity actions. We consider the solutions for the differential equation of the superpotential for
given tachyonic potentials and we have obtained solutions with broken supersymmetry at the unstable, tachyonic,
configuration, and supersymmetric at the stable minimum. Furthermore, the superpotentials can have simple forms,
but which correspond to complex fermionic masses. These superpotentials can be obtained as well by a power series
ansatz, whose general solution depends on a real parameter which can be chosen such that the complex solutions can
be mapped to real solutions. Some of these potentials have been considered in cosmological models, like in [14] where
inflationary and big crunch sceneries are given, and it would be interesting to consider the supersymmetric versions.
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Appendix A: Superspace supergravity
In this appendix we shortly review the ‘new’ superspace formulation of supergravity following [12]. Superfields are
defined as
φ(z)→ Φ(z) = eΘαDαφ(z)|θ=0, (A1)
where Θ are anticommuting Lorentz (SL(2, C)) covariant spinorial variables. In order to ensure full covariance for
these new superfields, the hole “old” superspace can be kept, setting θ = 0 at the end of the computations, i.e.
Φ(z,Θ) = eΘ
αDαφ(z).
The preceding redefinition of superfields is complemented by the usual redefinition of local supersymmetry trans-
formations in such a way that Lorentz covariance is kept. The way is to add a local Lorentz transformation to the
local superspace translations as follows[16]:
δξφA(z) = −ξBEBM
(
∂MφA − φMABφB
)
= −ξBDBφA(z), (A2)
hence the new superfields, whose components are Lorentz covariant, transform as δξΦ(z,Θ) = −ξADAΦ(z,Θ), i.e.
δξΦA(z,Θ) = −ξBDBφA −ΘβξBDBDβφA − 1
2
Θβ1Θβ2ξBDBDβ1Dβ2φA + . . . (A3)
The computation of this expression is done taking into account the fact that the multiple covariant derivatives arising
from the exponential in (A1) appear as fully antisymmetrized products. Thus, when a further derivative is applied
on this product, the result must be antisymmetrized, e.g.
DαDβφA = 1
2
{Dα,Dβ}φA + 1
2
[Dα,Dβ ]φA = −TαβCDCφA −RαβABφB +D[αDβ]φA, (A4)
where the last term is precisely the second order term of Φ(z,Θ). Following these lines, it can be shown that (A3)
can be cast into the form
δξΦA(z,Θ) = ηξ
α(z,Θ)
∂
∂Θα
ΦA(z,Θ) + ηξ
a(z,Θ)DaΦA(z,Θ) + ηξAB(z,Θ)ΦB(z,Θ), (A5)
where the coefficients ηξ
A(z,Θ) and ηξA
B(z,Θ) depend on components of the curvature and torsion tensors and their
covariant derivatives.
In order to have a geometric formulation in the new superspace, following the Wess-Zumino gauge [20], which
eliminates the gauge degrees of freedom introduced by the generalization of local supersymmetry to superspace
diffeomorphisms, a new vielbein is introduced. Let us consider a vector field Vm = Em
aVa +Em
αVα, this relation can
be inverted to
Va = E
(−1)m
a (Vm − EmαVα) = E˜ M˜a VM˜ , (A6)
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where the indices M˜ ≡ (m,α) contain a spacetime world index and a spinorial local index, i.e. E˜ M˜a = (E˜ ma , E˜ αa ) ≡
(E
(−1)m
a ,−E(−1)ma Emα). With this definition and E˜ M˜α = δ M˜α , an inverse vielbein E˜ M˜A can be defined. The corre-
sponding vielbein is then
E˜ B
M˜
=
(
Em
b Em
β
0 δα
β
)
,
i.e. E˜ M˜A E˜
B
M˜
= δ BA and E˜
A
M˜
E˜ N˜A = δ
N˜
M˜
. Even if this vielbein seems to correspond to the Wess-Zumino gauge,
full covariance can be kept by considering certain components of the torsion and curvature as independent degrees
of freedom of the supergravity multiplet. If we define in this basis covariant derivatives as usual by DAVM˜ =
(−1)(m+b)aE˜ B
M˜
DAVB and DAV M˜ = DAV BE˜ M˜B , then
[DM˜ ,DN˜ ]±VA = −TM˜N˜ P˜DP˜VA −RM˜N˜ABVB , (A7)
which supplemented by the corresponding Bianchi identities, contains all the information of supergravity. As (A7)
does not contain derivatives of the old θ-variables, the different levels in the θ-expansion decouple, and the limit θµ = 0
does not require gauge fixing. Actually, supergravity transformations can be written as δξΦ(z,Θ) = −ξ˜M˜ D˜M˜Φ(z,Θ)
and following the same lines as for (A5) we get
δξΦ(z,Θ) =
[
η˜ αξ (z,Θ)
∂
∂Θα
+ η˜ mξ (z,Θ)Dm
]
Φ(z,Θ). (A8)
Further, the covariant derivative Dm on the r.h.s. of this expression acts on the components of the superfield Φ(z,Θ)
as in (A3), which can be written as
DmΦ(z,Θ) = ∂mφ+ Θβ(∂m − ω γmβ )Dγφ−
2
2
Θβ1Θβ2(∂m − ω γmβ1)DγDβ2φ+ . . .
= ∂mΦ(z,Θ) + Θ
βω γmβ ∂γΦ(z,Θ). (A9)
Therefore, including a Lorentz index, (A8) can be written as
δξΦA(z,Θ) = ηˆ
M˜
ξ (z,Θ)∂M˜ΦA(z,Θ) + ηˆ
B
ξA (z,Θ)ΦB(z,Θ), (A10)
where ηˆ αξ = η˜
α
ξ − η˜ mξ Θβφ αmβ , ηˆ mξ = η˜ mξ and ηˆ BξA is Lie algebra valued. Further, η˜M˜ξ = ξ˜N˜ η˜M˜N˜ and η˜N˜m = δm
N˜ ,
η˜ BmD = 0 and η˜
′N˜
α = η˜
N˜
α − δN˜α can be obtained from the following recursion relation(
1 + Θβ
∂
∂Θβ
)
η˜′N˜α = Θ
βDβ η˜N˜α + Θα1
(
−Θα2Rα2αα1 N˜ + Tαα1 L˜η˜N˜L˜
)
+η˜mα Θ
α1
(
−Θα2Rα2mα1 N˜ + Tmα1 L˜η˜N˜L˜
)
− η˜′γα η˜′N˜γ , (A11)
and a similar one for η˜ BξA . It turns out that
η˜ M˜ξ (z,Θ) = −ξ˜M˜ + Θγ
(
1
2
ξ˜βTγβ
M˜ + ξ˜nφnγ
M˜
)
− 1
2
ΘγΘδ
(
−2
3
ξ˜βRδβγ
M˜ +
1
3
DδTγβM˜ + Tδβn˜φnγM˜ − 1
3
Tδβ
n˜Tnγ
M˜ +
1
6
Tδβ
˜Tγ
M˜
)
+ · · · (A12)
Consistently with these ideas, covariant derivatives can be defined as
∇A = eΘαDαDAe−ΘαDα . (A13)
Following a similar reasoning as the one which lead to (A10), it can be shown that
∇AΦB = ∇AM˜∂M˜ΦB +∇ABCΦC , (A14)
where ∇AM˜ is the inverse vielbein of the new superspace and if we write it as ∇AM˜ = E˜N˜A∇ M˜N˜ , it can be obtained
from the recursion relations(
δM˜
γδγ
L˜ + δM˜
L˜Θβ
∂
∂Θβ
)
∇′L˜N˜ = −TM˜ L˜∇L˜N˜ −∇′M˜ γ∇′γN˜ − (−1)mΘα1∇M˜α1γ∇γN˜ , (A15)
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and a similar one for ∇ABC . The vielbein ∇M˜A, i.e. ∇M˜A∇AN˜ = δN˜M˜ , transforms as
δξ∇M˜A = ∂M˜ ηˆN˜ξ ∇N˜A + ηˆN˜ξ ∂N˜∇M˜A −∇M˜B ηˆ AξB , (A16)
and to second order is given by
∇mB = EmB + Θγ(TγmB + φmγB) + 1
2
ΘγΘδ
(
−RmδγB +DδTγmB + TmδATAγB − φmδβTγβB
)
+ · · ·
∇αB = δαB + 1
2
ΘγTγα
B +
1
6
ΘγΘδ
(−RδαγB + 2DδTγαB + TδαDTDγB)+ · · · (A17)
As in ordinary supergravity, the superdeterminant of the vielbein is an invariant density
E = Sdet (∇M˜A) ≡ det(∇ma −∇mβ∇(−1)βγ∇γa)/det(∇αβ), (A18)
which transforms as
δξE = (−1)m∂M˜
(
ηM˜ξ E
)
, (A19)
and the superspace integral of the product of the invariant density with any Lorentz invariant superfield will be by
construction invariant under supergravity transformations.
Therefore, local supersymmetry can be formulated in the new superspace in a geometrical way, with the only
difference that now the transformation parameters are field dependent, depending on components of the torsion and
curvature and their covariant derivatives, subject to the Bianchi identities. This formulation is manifestly covariant
in the framework of the highly redundant superspace (z,Θ). However, as in the transformations (A7), (A10), (A16)
and (A19) there are no derivatives of the old θµ-variables, they can be set to zero without loss of generality.
Appendix B: Power series ansatz
Equation (31) can be solved by power series ansatz. Let us set V (T ) =
∑
l≥0 vlT
l and f(T ) =
∑
l≥0 flT
l, then
V (T ) =
∑
l≥0
[
l+2∑
m=0
m(l −m+ 2)fmfl−m+2T l −
l∑
m=0
fmfl−m
]
T l, (B1)
that is
vl = 2(l + 1)f1fl+1 +
l∑
m=2
m(l −m+ 2)fmfl−m+2 −
l∑
m=0
fmfl−m, (B2)
which can be solved as follows. If f1 = ±
√
v0 + f20 does not vanish, then for l > 1, fl+1 can be obtained in terms of
vl and fl,
f2 =
1
4f1
(2f0f1 + v1),
f3 =
1
6f1
(f21 + 2f0f2 − 4f22 + v2),
f4 =
1
6f1
(2f1f2 + 2f0f3 − 12f2f3 + v3).
...
(B3)
This solution depends on the free parameter f0 and in general is singular in f1. For example, in the case of the
exponential potential, V (T ) = e2κT , it can be verified that (B3) coincides with f(T ) = 1√
κ2−1e
κT , with f20 = 1/(κ
2−1).
Further, in the singular case when f1 = 0, which corresponds to f0 = ±
√−v0, we see from the first equation of (B3),
that there are solutions only if v1 = 0. In this case we get
f2 =
1
4 (f0 ±
√
f20 + 4v2),
f3 = − v32(f0−6f2) ,
f4 =
1
2(f0−8f2) (−f22 + 9f23 − v4).
...
(B4)
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The square roots in these solutions can lead to imaginary terms, similarly to the ‘imaginary mass’ of the tachyon.
Such problems can be avoided if the integration constant f0 is suitably chosen, as can be seen for the potential
V (T ) = v2T
2 + v4T
4. In this case f1 = f0 and f0(2f2 − f0) = 0, and if we choose f0 = 0, then f1 = 0, f2 = ± 12
√
v2,
f3 =
1
12f2
v3, f4 =
1
16f2
(f22 − 9f23 + v4), f5 = 120f2 (f2f3 − 24f3f4 + v5), etc. This is the situation of (32), where v2 < 0
and v4 = −v2/4, hence f2 becomes imaginary and fl = 0 for l > 3, as in (33). However, if we keep f0 6= 0, then
f1 = f0, and from equations (B3) we get another solution which, setting v2 = −m2/2, is given by an infinite series
f(T ) = f0
[
1 + T +
1
2
T 2 +
1
3!
(
1− m
2
2f20
)
T 3 +
1
4!
(
1 +
m2
f20
)
T 4 +
1
5!
(
1− m
2
2f20
− 3m
4
4f40
)
T 5 + · · ·
]
. (B5)
Appendix C: Potential (38)
We are interested on potentials fulfilling the type of requirements of Sen’s conjectures. We start from a superpo-
tential of the form f(T ) = exp [−nT/2(a+ bT + cT 2)], i.e. it rolls down to zero when T →∞. By means of (31) we
compute the corresponding scalar potential which has the form V (T ) = exp(−nT ) [α0 + α1T + α2T 2 + α3T 3 + α4T 4].
Imposing the conditions that V (0) = V0 > 0 and V
′(0) = 0 we get
f±(T ) = e−
1
2 (nx)
[
a+
1
2
(
an± 2
√
a2 + V0
)
x+
an2
√
a2 + V0 + 4a
√
a2 + V0 ± 4n(a2 + V0)
8
√
a2 + V0
x2
]
. (C1)
If we choose f−(T ) (it would be similar for f+), we get for the parameters of V (T )
α0 = V0,
α1 = nV0,
α2 =
{
n2V 20
a2+V0
+ 18an
3
√
a2 + V0 +
2a2n2V0
a2+V0
+ 52an
√
a2 + V0
− anV0√
a2+V0
− 7a2n24 − a2 + a
4n2
a2+V0
− a3n√
a2+V0
− 5n2V04 − V0,
α3 =
{
−nV0 + n3V04 − n
3V 20
2(a2+V0)
− 116an4
√
a2 + V0 +
an4V0
8
√
a2+V0
− a2n3V0a2+V0
+ 3an
2V0
2
√
a2+V0
+ a
√
a2 + V0 − 2a2n− a4n32(a2+V0) + a
3n4
8
√
a2+V0
+ 3a
3n2
2
√
a2+V0
,
α4 =
{
n4V 20
16(a2+V0)
− n2V 204(a2+V0) − an
5V0
32
√
a2+V0
+ a
2n4V0
8(a2+V0)
− a2n2V02(a2+V0) + anV02√a2+V0 +
a2n6
256
+a
2n4
64 − a
2n2
16 − a
2
4 +
a4n4
16(a2+V0)
− a4n24(a2+V0) − a
3n5
32
√
a2+V0
+ a
3n
2
√
a2+V0
.
(C2)
Now we look for a potential of the form of Fig. 2, so we must have n > 0. We require also that V ′′(0) < 0 and in
addition, for convenience, we set αi > 0 resulting in the following constraints for the parameters a, n and V0,
n > 2, a > 0,
a2n6 − 12a2n4 + 48a2n2 − 64a2
36n4 + 96n2 + 64
< V0 <
a2n4 − 8a2n2 + 16a2
16n2
.
Within this rank are located the potentials with profiles like the one in Fig. 2.
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